Introduction
Lipid modification has recently emerged as an important feature of several signalling molecules. Lipid-modified secreted proteins include the members of the Hedgehog (Hh) and Wnt families, and, as shown recently, the Drosophila homologue of TGFα, Spitz (Spi) . Two distinct lipids are appended on Hh proteins: palmitate at the N-terminus and cholesterol at the C-terminus (Pepinsky et al., 1998) ; however, so far, Wnts and Spi are only known to be acylated (Willert et al., 2003; Takada et al., 2006) . The hydrophobic nature of secreted lipoproteins raises interesting questions concerning progression through the secretory pathway, release from the surface of producing cells and transport to distant cells within a tissue. In this paper, we investigate how lipid modifications affects the secretion and signalling activity of Wingless, a Drosophila member of the Wnt family.
Two lipids have been shown to be appended onto Wnts: a palmitate on a cysteine and a palmitoleic acid on a serine. Palmitoylation at cysteine 93 (C93) of Wingless has been demonstrated by Willert et al. (Willert et al., 2003) . The corresponding residue of mouse Wnt3a (C77) is also palmitoylated, suggesting that this modification is conserved. Indeed, replacement of this residue by alanine (C93A in Drosophila or C77A in the murine protein) leads to near complete loss of signalling activity in a cell-based assay (Willert et al., 2003) . Recently, it has been shown that Wnt1 and Wnt5a are also palmitoylated and that this modification is essential for the signalling activity of this Wnt family member (Galli et al., 2007; Kurayoshi et al., 2007; . Because overexpressed [C77A]Wnt3A has residual activity in an autocrinecell-based assay, it has been suggested that palmitoylation might not be essential for signalling activity per se but would rather be needed to concentrate the signal at cell membranes. Indeed, in the absence of palmitate at C77, Wnt3a becomes more soluble in aqueous media (Willert et al., 2003) .
In a recent study, Takada et al. showed that Wnt3a is acylated at a second residue: Serine 209 (S209) is modified with palmitoleic acid (Takada et al., 2006) . Because this residue is conserved, it is likely that the same modification takes place in Drosophila (at position 239). Importantly, Takada et al. show that, without this modification, Wnt3a is no longer secreted. Because [C77A]Wnt3a is secreted, at least in a cell-based assay (Willert et al., 2003) , Takada et al. suggest that the two lipids on Wnt3a could serve distinct functions, with palmitic acid on C77 being involved in signalling activity and palmitoleic acid at S209 being required for progression through the secretory pathway.
In this study we use wing imaginal discs of Drosophila as an in vivo system in which to study the role of the acyl groups at C93 and S239 in Wingless. During the third-instar larval stage, Wingless is normally expressed in a row of cells that bisects the disc along the dorsoventral boundary. From there, it spreads throughout most of the presumptive wing region, where it binds to receptors of the Frizzled family (mainly Frizzled 2; Fz2) and activates downstream signalling. We find that, in imaginal discs, lipid modification at S239 is not absolutely required for secretion or membrane association but contributes to signalling activity. By contrast, mutation of C93 (no palmitoylation) causes inefficient exit from the endoplasmic reticulum (ER) and abrogates signalling. Our results suggest that dual lipidation is required for signalling activity. Lipidation also contributes to trafficking through the secretory pathway, although, in Drosophila Wingless, the role of palmitate predominates over that of palmitoleic acid, whereas the contrary is true for mammalian Wnt3a. 
Results and Discussion
Acylation is required for signalling activity in vitro and in vivo As reported by Galli et al. (Galli et al., 2007) , Willert et al. (Willert et al., 2003) and Kurayoshi et al. (Kurayoshi et al., 2007) , respectively, palmitoylation of Wnt1, Wnt3a and Wnt5a at an N-terminal cysteine is essential for signalling activity. We found that a mutation at the corresponding site in Wingless (C93A) abolishes signalling activity in cultured Drosophila S2 cells. S2 cells were co-transfected with a Fz2-expressing plasmid, a reporter plasmid (topflash) and a plasmid encoding either wild-type Wingless or [C93A]Wingless. A plasmid constitutively expressing Renilla luciferase was also included for normalisation and to provide a measure of cell health. Normally, three different forms of Wingless, representing different levels of glycosylation, can be distinguished by western blot (Tanaka et al., 2002) . We found that [C93A] Wingless is also present in three forms (Fig. 1A) , suggesting that it is expressed and modified normally. Nevertheless, C93A did not show any significant signalling activity (Fig. 1B) . Using similar assays, we found that [S239A]Wingless is also modified normally by disc cells (Fig. 1A) . Surprisingly, considering that [S209A]Wnt3a is inactive (Takada et al., 2006) , [S239A]Wingless was found to have residual signalling activity (Fig.  1B) .
In order to assess the in vivo significance of these in vitro observations, we generated transgenic flies expressing either Fig. 1C ). Using this driver, HA-Wingless causes 100% lethality at the pupal stage (not shown) (see Struhl and Basler, 1993) . By contrast, expression of HA-[C93A]Wingless had no detectable effect: resulting flies were viable and no morphological defects could be seen even though mild activation of the Wingless pathway in the prospective wing blade causes the formation of ectopic bristles (Greaves et al., 1999) . We conclude that [C93A]Wingless has no signalling activity in vivo. In the same assay, HA-[S239]Wingless prevented complete fusion of the notum but had no effect on wing patterning (e.g. no ectopic bristles). This is consistent with the weak activity seen in S2 cells. We conclude that palmitoylation at C93 is essential for signalling and that acylation at S239, although not essential, contributes significantly to signalling activity.
Distribution of [C93A]Wingless and [S239A]Wingless in imaginal discs
The distribution of wild-type Wingless, [S239A]Wingless or [C93A]Wingless was assessed by immunofluorescence following expression in imaginal discs with ap-Gal4. Using a conventional staining protocol that reveals both intra-and extra-cellular proteins, HA-tagged wild-type Wingless was detected in non-expressing cells, Journal of Cell Science 121 (10) in which it is known to be internalised (top half of Fig. 1D ) (see also Piddini et al., 2005) . By contrast, neither [S239A]Wingless nor [C93A]Wingless could be detected outside the expression domain (Fig. 1E,F) . Therefore, reduction in lipidation prevents Wingless from reaching target cells. Using a staining protocol designed to reveal only extracellular proteins, we confirmed that wild-type Wingless accumulates at the surface of expressing cells (Strigini and Cohen, 2000) (Fig. 1G,K) . [S239A] Wingless also accumulated at the cell surface (Fig. 1H,L) ; hence, it must be able to progress through the secretory pathway. By contrast, no [C93A]Wingless could be detected at the surface of expressing imaginal disc cells (Fig. 1I,M) . This suggests that secretion of this form of Wingless is impaired in vivo. Alternatively, [C93A]Wingless could be secreted but not retained at the cell surface. Overall, our in vivo results differ somewhat from those obtained in mammalian cell culture. In particular, in our assay, palmitate at C93 of Wingless appears to be more important for secretion than palmitoleic acid at S239.
Failure to reach, or accumulate at, the cell surface could explain why [C93A]Wingless is unable to signal. To test this possibility, palmitoylation-deficient Wingless was tethered at the cell surface with a heterologous transmembrane domain from the Neurotactin protein (NRT). We expressed NRT-HA-[C93A]Wingless in transgenic imaginal discs and compared its signalling activity to that of wild-type protein similarly tethered to the cell membrane; the latter is known to be highly active (Zecca et al., 1996) . Both membrane-tethered forms of Wingless were expressed under the control of the ap-Gal4 driver and both were found to localise at the surface of expressing cells. In particular, Fig. 1J ,N shows that NRT-HA[C93A]Wingless could be detected using the extracellularstaining protocol. Despite its localisation at the cell surface, NRT-HA[C93A]Wingless completely lacked signalling activity (adult flies did not show any phenotype and expression of senseless, a known target gene, was unaffected; not shown). This is in clear contrast to NRT-HA-Wingless, which is lethal at pupal stages because of the strong activation of target genes (Struhl and Basler, 1993) . Therefore, restoring membrane localisation to [C93A]Wingless does not rescue signalling activity. We conclude that the palmitate moiety is strictly required for signalling activity, either for engagement with its receptor or to induce the appropriate conformational changes within the receptor upon binding. outside the expression domain because of lack of retention at the cell surface and rapid dilution in the extracellular space. Willert et al. (Willert et al., 2003) favour the latter explanation because they found that palmitoylation-deficient Wnt3a is secreted by mammalian cells in culture. To measure the secretion of Wingless variants by Drosophila S2 cells, we generated fusion proteins with firefly luciferase, measured the amount of luciferase activity in the medium and normalised it to the total amount of luciferase activity that was produced. We found that luciferase-[C93A]Wingless as well as luciferase-[S239]Wingless are secreted into the medium to the same extent as luciferase-Wingless (Fig. 2A) . Therefore, we conclude that lipid modifications are not essential for secretion of Wingless from Drosophila cells in culture.
Palmitoylation of Wingless at C93 promotes binding to Frizzled 2
As shown above, [C93A]Wingless had no signalling activity, even when it was forced to accumulate at the cell surface with an exogenous transmembrane domain. This could be because [C93A]Wingless has a reduced affinity for Fz2. No direct quantitative assay is yet available to measure the binding of Wingless to full-length Fz2. As an alternative, we adapted a paracrine signalling assay to infer binding information. In this assay, cells expressing HA-Wingless or HA-[C93A]Wingless were cocultured with cells carrying a reporter plasmid, a Fz2-expressing plasmid and a plasmid expressing Histone-GFP. The latter construct was included so that receiving cells could be distinguished from Wingless-producing cells by fluorescence microscopy. Measurements of reporter activity with luciferase assays confirmed that HA-[C93A]Wingless does not trigger signalling, whereas HAWingless does (Fig. 2B) . Furthermore, we confirmed that wild-type Wingless accumulates within non-expressing receiving cells (Fig.  2C,E) , presumably following Fz2-mediated endocytosis (Piddini et al., 2005) . By contrast, HA-[C93A]Wingless could not be detected within receiving cells (Fig. 2D,F) . One likely interpretation is that HA-[C93A]Wingless does not bind Fz2 and hence cannot be internalised.
We next investigated whether an interaction between Fz2 and [C93A]Wingless could be detected when these proteins are expressed in the same cells. This is a less stringent assay because it does not require the ligand to travel in the extracellular medium in order to find its receptor on non-expressing cells. We found that cooverexpression of Fz2 and [C93A]Wingless leads to some accumulation of [C93A]Wingless at the cell surface in S2 cells (not shown). This is also the case in imaginal discs. As shown in Fig. 2G-J , and comparing the distribution by double immunofluorescence. For this, we used the epidermal cells of thirdinstar larvae because they are polyploid and hence large. As a control, HA-Wingless and GFP-Wingless (both wild type) were coexpressed. As expected, the subcellular localisation of the two tags (both reporting wild-type Wingless) was found to be undistinguishable (Fig. 3A-C) . By contrast, expression of wild-type and [C93A]Wingless only partially overlapped in expressing epidermal cells (Fig. 3D-F) . Note, in particular, the absence of [C93A]Wingless in large structures, possibly multivesicular bodies (MVBs), in which wild-type Wingless is present (arrowheads, Fig.  3D-F) . In order to quantify this observation, we counted the number of vesicles that had GFP signal alone (wild-type Wingless), i.e. no HA signal (either [C93A]Wingless or wild-type for control). This was done in three different cells (three regions of interest each). We found threefold more single-labelled vesicles when HA-[C93A]Wingless and GFP-Wingless were co-expressed (34.6±7.9; n=9) than when HA-Wingless and GFP-Wingless were coexpressed (12.3±4.06; n=9). This was statistically significant (Pу0.000118). Therefore, we conclude that the absence of the palmitate moiety affects Wingless trafficking, although we cannot, at the light-microscope resolution, distinguish between effects on endocytosis or secretion.
Journal of Cell Science 121 (10) In order to characterise the trafficking differences between wild-type and [C93A]Wingless at the ultrastructural level, we turned to immuno-EM of imaginal disc cells. Strikingly, the overall number of gold particles in [C93A]Wingless-expressing cells was significantly higher than in cells expressing wild-type Wingless (Fig. 4A-D) even though the overall level of expression was the same for the two transgenes. Much of the [C93A]Wingless was in the ER (Fig.  4A,C) . Indeed, quantitative analysis of the number of gold particles per unit of ER-membrane length revealed that [C93A]Wingless is present in the ER at a tenfold higher density than wild-type Wingless (compare overall staining in Fig.  4A ,C and B,D). Wild-type Wingless was also enriched in the ER; however, it was consistently found at the plasma membrane, and particularly in MVBs (asterisk in Fig. 4G,H Fig. 4E,F) . Because palmitate-deficient Wingless accumulates inside expressing cells, we conclude that, in vivo, the palmitate moiety is required for secretion. Most likely, the palmitate moiety is required for efficient transfer of Wingless from the ER to post-Golgi compartments.
Conclusion
Recent work with mammalian cell culture has suggested that the two lipid adducts appended to Wnt proteins might have specialised functions. Palmitate at C93 in Wnt1, at C77 in Wnt3a, C104 in Wnt5a or C93 in Wingless would be dedicated to signalling activity, whereas palmitoleic acid at S209 in Wnt3a or at S239 in Wingless would be essential for progression through the secretory pathway (Galli et al., 2007; Kurayoshi et al., 2007; Takada et al., 2006; Willert et al., 2003) . With respect to secretion, we found that the role of lipids appears to be reversed in Drosophila Wingless, at least in vivo. We found that C93 is essential for progression through the secretory pathway, whereas S239 appears to be relatively dispensable in this function. We suggest, therefore, that the exact nature and position of the lipid adduct is not crucial for secretion and that different Wnts might use one or the other preferentially. Because [C93A]Wingless is secreted normally by S2 cells, it appears that the lipid requirement for secretion is somewhat relaxed in cultured cells, perhaps because they are not polarised. With respect to signalling, the overall level of lipidation clearly matters, because both C93 and S239 are essential for in vivo activity. Considering that palmitate at C93 is required both for binding to Fz2 and for progression through the secretory pathway, it is conceivable that this lipid moiety could mediate binding to Wntless (also known as Evi and Sprinter), another seven-pass transmembrane, which contributes to Wingless secretion ( , 2006) . Further biochemical work is needed to assess whether and how lipid modification affects the binding of Wnts to these receptors.
Materials and Methods

Antibodies, plasmids and fly stocks
Primary antibodies used were mouse anti-Wingless 4D4 (prepared from cells obtained from the DSHB), mouse M2 anti-Flag (Sigma; 1/1000), mouse anti-HA 1.1 (Covance; 1/500), rabbit anti-HA (Y-11) (Santa Cruz Biotechnology; 1/1000), rabbit anti-GFP (Abcam; 1/2500). Secondary antibodies (all from Molecular Probes) were Alexa-Fluor-488-conjugated goat anti-rabbit (1/200), Alexa488-conjugated goat anti-mouse (1/200), Alexa594-conjugated goat and anti-mouse (1/200) and Alexa-Fluor-594-conjugated goat and anti-rabbit (1/200). Expression plasmids for in vitro studies were derived from pMT/V5-HisA (Invitrogen), which allows induction of expression with copper ions. Wingless fusion genes were generated by inserting DNA encoding HA or HA-firefly-luciferase into the unique PflMI site located near to the 5Ј end of the wingless ORF. The C93A and S239A mutations were introduced using the QuikChange site-directed mutagenesis kit from Stratagene according to the manufacturer's manual and verified by sequencing. The same protocol was used to introduce the C93A mutation in NRT-HA-Wingless (Struhl and Basler, 1993) . For expression in transgenic flies, the various constructs were transferred into the pUAST vector. We used fly stocks carrying the following transgenes: UAS-HA-Wingless and UAS-NRT-HA-Wingless (from G. Struhl, Columbia University, New York, NY), UAS-flag-Fz2 (Piddini et al., 2005) , UAS-GFP-Wingless (Pfeiffer et al., 2000) , ap-Gal4 and dpp-Gal4.
UAS-HA-[C93]Wingless, UAS-NRT-HA-[C93]Wingless and UAS-HA-[S239]
Wingless were generated for this study as described above. For co-overexpression of HA-Wingless and GFP-Wingless in larval ectodermal cells, we used wg-Gal4 as a driver and Tub-Gal80 TS to prevent expression at embryonic stages, thus overcoming premature lethality. Larvae were switched to 29°C at the end of first instar to activate Gal4-dependent expression.
Immuno-EM
Larvae were inverted in Ringer solution and fixed in 2% PFA and 0.2% glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 3 hours at room temperature. After washing in PBS, larvae were kept in 1% PFA/PBS at 4°C. Subsequently, wing discs were dissected, embedded in 12% gelatin, mounted on aluminium pins and frozen in liquid nitrogen. Wing discs were then cut along the anteroposterior axis on a Reichert Ultracut S cryotome at -120°C. Antibody-and gold-labelling procedures were performed as described previously (Slot et al., 1991) . 60-nm-thick cryosections were incubated with monoclonal anti-HA antibodies (clone 12CA5, Boehringer Mannheim). Anti-HA antibodies were detected with rabbit anti-mouse IgG (DakoCytomation Denmark A/S, Glostrup, Denmark) followed by protein A conjugated to 10-or 15-nm gold particles.
Cell culture, transfection and luciferase assay S2 cells were cultured at 25°C in Schneider's complete medium supplemented with FCS to a 10% final concentration. The calcium phosphate transfection kit from Invitrogen was used according to the manufacturer's protocol. Cells were induced by overnight treatment with copper sulfate to a final concentration of 100 μM. A luminometer ) and the Promega Dual-Luciferase reporter assay system were used to measure the luciferase activities of firefly luciferase and Renilla luciferase. All the experiments were performed at least three times, and each time at least in triplicate.
